The theoretical model of the Faraday rotation in the low birefringence optical fiber is proposed to serve as a convenient tool for the determination of the birefringence upper limit allowed to retain current sensor sensitivity. The measurement technique offers a fast and efficient determination of the ultra-low linear birefringence when other techniques are not sensitive enough or they are difficult to implement. A temperature dependence of the Faraday rotation and its causes are investigated.
INTRODUCTION
Optical current sensors based on the Faraday effect have been widely investigated and still remain an active area of research [1] [2] [3] . One popular approach is to use spun optical fibers, where by spinning the preform during fiber drawing a permanent twist is imparted which restores a circular symmetry, leading to the ultra-low linear birefringence 4 of the order of ~10 -9 . However, in spite of the negligible intrinsic linear birefringence, in practice linear birefringence still exists in current sensors, owing to the bend-and coating-induced stresses, and its presence quenches the Faraday effect 5 . In general, different approaches are used to minimize or eliminate this induced non-negligible birefringence, including annealing and twisting the fiber, as well as by utilizing spun elliptically birefringent fibers 1, 6 . Although spun elliptically birefringent fibers are widely used as an industry standard current sensors, there is still interest in using spun low birefringence fibers as a platform for current sensing applications. Compared to its high-birefringence counterpart, spun low-birefringence fibers retain many of the advantageous properties such as ease of fabrication and low polarization mode dispersion for the applications beyond current sensors, into the telecommunications industry. However, to date, many fiber birefringence measurement techniques lack sensitivity and are not capable of measuring ultra low levels of birefringence. Typically, traditional measurement techniques are limited to the birefringence of ~10 -8 , and require long fiber lengths. Therefore a development of a sensitive measurement technique remains a challenge.
In this paper we focus on a technique to provide an insight into the birefringence of the fibers, including spun low birefringence fibers. Using a simple Faraday effect current sensor experiment and a corresponding theoretical model of the Faraday rotation in a birefringent fiber we show that this can be used to infer the intrinsic birefringence of the fiber. In particular, the upper limit of the total birefringence that is permitted to retain sensor sensitivity can be determined. This method is simple, fast and requires short lengths of fiber, and is potentially applicable to a wide variety of fibers. An account of the thermal properties of the Faraday effect in low-birefringence fibers will be given, demonstrating the detrimental effect of the fiber coating to the sensor temperature dependence.
FARADAY EFFECT CURRENT SENSOR CONFIGURATION
Our investigations are based on SiO 2 single mode commercial and in-house made fibers. The experimental setup used for the Faraday rotation and its temperature dependence measurement is shown in Fig. 1 . The output light from a laser diode at 1550nm linearly polarized in the x direction is launched through a polarization insensitive beam splitter into the fiber. The fiber is put straight along the axis of ~1m long hollow solenoid with four 1400-turns coils of copper wire, driven by the DC power source with the maximum current of 4A. The fiber end is butt-coupled to the gold coated mirror where light is reflected and passed back to the polarization insensitive beam splitter, through the Wollaston prism which separates the two orthogonal polarizations and has the transmission axis fixed at 45 o with respect to the input. is the applied magnetic field, N is the number of turns of wire, and n=N/L is a turns density.
In the case of non-negligible linear birefringence of the fiber, the Faraday rotation angle can be expressed using the integral approach of the Ampere's law for the magnetic field, in the following way 3, 6 :
where Δβ=2πΔn/λ is the intrinsic linear birefringence, Δn=n x -n y is the difference of refractive indices for the two polarization directions, and λ is the wavelength of light. The Verdet constant of the silica fiber used in the experiment is 0.54 rad/(Tm) at 1550 nm. The variation of the Verdet constant with the temperature is negligible 5 (dV/dT)/V=6.9x10 , where ϕ is the angle of orientation of the Wollaston prism with respect to the axes x and y (Fig.1) . The output response produced from the measurement system is S=(I 1 -I 2 )/( I 1 +I 2 )=cos2ϕcos4θ+sin2ϕsin4θ. When ϕ=45 o , S attains maximum sensitivity and the Faraday rotation is given by S=sin4θ, allowing for the measurement of the Faraday rotation angle θ.
LINEAR BIREFRINGENCE DETERMINATION
In order to characterize the fiber linear birefringence, firstly we simulated the Faraday rotation after the propagation distance of 1m, in accordance to the model of non-negligible birefringence of the fiber given by Eq.(1), and the results are shown in Fig.2 . Fig.2(a) shows that the transfer of power between the orthogonal axes of the birefringent fiber is maximum after a quarter of the polarization beat length, and reduces to zero over half of the beat length; intrinsic linear birefringence as labeled on the right-hand-side of the figure. The contour plot in Fig. 2(b) shows the maximum rotation of ~0.4 o , which is obtained at 1m length of the fiber and the linear birefringence of ~10 -9 . Fig.2(c) shows the normalized Faraday rotation angle as a function of linear birefringence and it can be observed that the maximum rotation is achieved when the linear birefringence is less than 10 -7 . The sensitivity of the Faraday rotation angle to the linear birefringence Δn is calculated and shown in Fig. 2(d) with the point of maximum sensitivity calculated for Δn ~2.5x10 -7 . Significantly, this analysis provides justification why conventional single mode fibers are not good candidates for the current sensors application because their birefringence is ~10 -7 and at this value of linear birefringence they are extremely sensitive to environmental, mechanical and temperature effects that affect fiber linear birefringence, as shown in Fig. 2(d) . This result explains the motivation to use the ultra-low birefringence fibers for the Faraday effect current sensors. Owing to the sensitivity of the Faraday rotation to Δn, it can be generally considered that the birefringence larger than ~10 -7 greatly reduces Faraday rotation and increases sensitivity to unwanted perturbations. Next, we explore how this simple experimental setup can be efficiently used for the determination of intrinsic birefringence of low birefringence fibers. To characterize the linear birefringence, we took the measurements of the Faraday rotation using the experimental setup shown in Fig.1 for different values of DC current in a range 0-4A. We compared the experimental results with the simulations and we used the best fit to estimate the linear birefringence of the fiber. Importantly, the precautionary measures are taken to avoid all sources of stress induced birefringence in the setup due to fiber mounting, so we can assume that only fiber intrinsic birefringence is present. Thus, under this assumption, the results of the experiment and the simulation are shown in Fig.3 . The best fit to the simulation at room temperature (23 o C) indicates that the fiber birefringence is ~2.2x10 -7 , which implies that our fiber lies at the point of nearly maximum sensitivity to a linear birefringence and thus a significant variation from the ideal theoretical value of Faraday rotation angle is observed. In order to justify and validate our results we have conducted an independent measurement using a standard polarizer-analyzer technique on a commercial single mode fiber and on an in-house fabricated fiber used in Fig.  3 and we have obtained an excellent agreement between the two techniques. This characterization method is potentially useful in ultra-low birefringence measurement and could be used as a fast way for the determination of the intrinsic birefringence at short lengths of the low birefringence fabricated fibers. In addition, the experimental setup shown in Fig. 1 was used to carry out the measurement of the Faraday rotation versus temperature at different temperatures up to ~65 o C for two different in-house fabricated silica single mode fibers labeled as A and B. Fig. 4(a) shows the temperature dependence measurements for the coated and uncoated fiber (A). It can be observed that for the coated fiber the Faraday rotation increases with the increasing temperature. This trend corresponds to a similar observation in Ref. (1) and we anticipate that it is due to the drop of the viscosity of the optical fiber coating during the temperature increase, thus reducing the coating induced linear birefringence. In the case of the uncoated fiber, Fig. 4(a) shows nearly constant values of Faraday rotation, indicating that the fiber coating is a root cause of the Faraday effect temperature dependence. This experimental result agrees with the theoretical prediction shown in Fig. 2(d) that for the intrinsic birefringence of ~2.2x10 -7 there is a large sensitivity to the linear birefringence variation. Fig. 4(b) shows Faraday rotation as a function of temperature for the in-house fabricated fiber (B) when current is switching from 0A to 4A, and it indicates that the birefringence of this fiber is sensitive to temperature variation, too. We anticipate that this coating induced temperature dependence is due to the temperature induced radial stress and axial strain in the fiber through the fiber coating. Further investigations, including the attempts to anneal the fibers and release the built in strain, of the effect of fiber coating are performed on different fibers and they are currently on-going. 
CONCLUSION
In conclusion, we propose a simple approach in which we built the Faraday effect measurement setup and applied theoretical model to infer the linear birefringence of the fibers. The key advantage of this characterization method is that it employs only a meter-length of fiber and can be used for ultra-low birefringence fibers where conventional birefringence measurements are difficult to perform. Importantly, we theoretically determine the sensitivity of the Faraday rotation to the intrinsic birefringence and show why low birefringent fibers with Δn greater than 10 -7 are not adequate for current sensors applications. We anticipate that this method could provide guidelines for the linear birefringence upper limit determination for the fibers employed in the Faraday effect current sensors. In addition, we present preliminary measurement results which show fibers sensitivity to temperature variation and we discuss the means to resolve this issue.
